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ABSTRACT
Populations that experience low levels of gene flow commonly display increased levels
of inbreeding, lower genetic diversity, and reduced adaptive potential. Landscape genetics allows
for spatial and genetic information to be analyzed simultaneously to better understand how the
landscape influences gene flow. The eastern massasauga rattlesnake (Sistrurus catenatus) is a
federally threatened viper found in wetlands throughout the Great Lakes region. Many remaining
populations are small and isolated due primarily to habitat loss. Atypical from a range-wide
perspective, eastern massasaugas on Bois Blanc Island (BBI), Michigan live in a relatively
undisturbed landscape with a potential for high connectivity across the 88 km2 island. We used
landscape genetics to examine the influence of landscape features on gene flow across BBI to
determine if eastern massasaugas have detectable gene flow across a well-connected landscape
with high abundance. We genotyped 102 snakes at 15 microsatellite loci and measured pairwise
genetic distances using the proportion of shared alleles (Dps). We created resistance surfaces for
land cover, roads, distance from roads, and compound topographic index. The R package
ResistanceGA was used to optimize resistance surfaces and calculate pairwise effective
resistance among individuals. We calculated an average observed heterozygosity of 0.574 and
found no well-defined genetic structuring among our samples. Significant isolation by distance
(IBD) was detected as well as positive spatial autocorrelation at distances less than 1 km. Our
landscape genetic analysis identified the distance from roads surface to be our most supported
model. In addition, either distance from roads or roads were included in the top three models
suggesting the strong influence roads play in structuring patterns of gene flow of eastern
massasaugas despite the low number of gravel roads and traffic volume on BBI. Our results
suggest that roads act as barriers, reducing connectivity of eastern massasauga populations even
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in more rural areas with high quality habitat. Despite this, we still found considerable gene flow
across the well-connected landscape of BBI.
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CHAPTER I
INTRODUCTION
Reptile species worldwide are undergoing population declines with approximately one in
five species under threat of extinction (Böhm et al., 2013). Factors contributing to the loss of
reptiles include habitat loss and degradation, invasive species, climate change, disease, pollution,
and unsustainable harvest (Gibbon et al., 2000). Snakes in particular lack long-term data sets
which may be masking population declines likely leading to an underestimation of the extinction
risk for snake species globally (Böhm et al., 2013). Geographically widespread snake
populations have shown sharp declines in abundance over time after populations reach an
apparent “tipping point” (Reading et al., 2010). Thus, it is imperative to further study snake
species to better understand the causes of population declines and how to conserve populations
into the future.
Eastern Massasauga Rattlesnake
The eastern massasauga rattlesnake (Sistrurus catenatus) is a small bodied pit viper found
throughout the Great Lakes region. Populations occur in Iowa, Wisconsin, Illinois, Indiana,
Ohio, Michigan, Pennsylvania, New York, and Ontario (Szymanski et al., 2016). Eastern
massasaugas are ambush predators that feed primarily on small mammals (Weatherhead et al.,
2009). The average adult eastern massasauga measures 0.6 m with males being typically larger
than females (Szymanski et al., 2016). The species is ovoviviparous with female eastern
massasaugas usually giving birth every other year (Reinert and Kodrich, 1982; Johnson et al.,
2016). Eastern massasaugas typically overwinter in small mammal burrows, crayfish burrows,
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old root systems, and rock crevices (Harvey and Weatherhead 2006; Moore and Gillingham
2006).
In September of 2016, the eastern massasauga was listed as a federally threatened species
under the Endangered Species Act with habitat loss cited as the primary cause for the species
decline (Szymanski et al., 2016). Specific examples of eastern massasauga habitat loss include
the conversion of habitat, succession, invasive species, fragmentation, water level manipulations,
and fire suppression (Szymanski et al., 2016). Historically, there were 558 known populations,
however, currently, there are only 263 extant populations with an additional 84 populations listed
as having an unknown status (Szymanski et al., 2016). Many populations show a trend of recent
population decline suggesting anthropogenic changes as a driving factor for their declines (Sovic
et al., 2019a).
Across the species range, high levels of genetic structuring have been observed between
eastern massasauga populations (Chiucchi and Gibbs, 2010a; Sovic et al., 2019a). Genetic
structuring has even been documented in populations within close proximity of one another (< 5
km) (Chiucchi and Gibbs, 2010b; Sovic et al., 2019b). Due to restricted gene flow and
population decreases, current levels of genetic variation of remaining populations may also be
inflated as they reflect historic population sizes and have yet to reach genetic equilibrium (Sovic
et al., 2019b). As genetic drift acts further on isolated populations, it is estimated that in the next
100 years the genetic variation of eastern massasauga populations will decline by 20% (Sovic et
al., 2019b). This trend of declining genetic variation is further supported by the loss of 67% of
rare alleles over a ten year time period from the single remaining eastern massasauga population
in Illinois (Baker et al., 2018). To prevent the loss of adaptive potential of eastern massasauga
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populations, increased gene flow between populations or genetic rescue via introductions is
likely required (Sovic et al. 2019).
Low effective population sizes (Ne) have consistently been measured in remaining
eastern massasauga populations. Of 17 populations across the species range, Sovic et al. (2019)
found almost all populations to have an Ne of less than 50 individuals. Bradke et al. (2018)
measured an Ne of 30 and 44 individuals for two eastern massasauga populations in southwest
Michigan, while Baker et al. (2018) estimated an Ne of 30 individuals for the last remaining
eastern massasauga population in Illinois. To avoid the negative effects of inbreeding, the
minimum viable Ne for threatened and endangered species has been suggested to be 50-100
individuals (Franklin, 1980; Frankham et al., 2014). With many eastern massasauga populations
having an Ne less than 50, the viability of eastern massasauga populations is questionable,
especially because other outside factors such as climate change and snake fungal disease may
compound the negative effects of limited genetic diversity (Szymanski et al., 2016; Lorch Jeffrey
M. et al., 2016).
Behavioral variation occurs amongst the different categories of adults (males, gravid
females, and non-gravid females). Adult males and non-gravid females move more often and
have larger home ranges than gravid females, due to the more frequent thermoregulation required
for gravid females to develop their young (Reinert and Kodrich, 1982; Johnson, 2000; Marshall
et al., 2006). Past research has demonstrated the use of wetland and lowland forest habitat by
eastern massasaugas (Reinert and Kodrich, 1982; Weatherhead and Prior, 1992; Moore and
Gillingham, 2006). Within these habitat types, eastern massasaugas exhibit seasonal variation in
habitat use. During brumation, they primarily use lowland wetlands and forests where
hibernacula are more readily available and during the active season move into more open and dry
15

habitats (Reinert and Kodrich, 1982; Harvey and Weatherhead, 2006). Movement patterns of
eastern massasaugas vary across their range. Average daily movements (m/day) across the
species range were measured at 56 (Weatherhead and Prior, 1992), 10.47 (Marshall et al., 2006),
9.1 (Reinert and Kodrich, 1982), and (Moore and Gillingham, 2006). Average home ranges (ha)
were measured at 25 (Weatherhead and Prior, 1992), 4.02 (Marshall et al., 2006), 0.98 (Reinert
and Kodrich, 1982), and 1.3 (Moore and Gillingham, 2006). The discrepancies in movement and
home range size are likely due to the amount of available habitat and habitat quality at each of
the sites. Eastern massasaugas have shown avoidance behavior towards human modified habitat
and roads (Moore and Gillingham, 2006; Shepard et al., 2008b; a). Roads specifically have been
shown to act as barriers to movement for eastern massasaugas due to the high rates of mortality
and avoidance behavior they create (Moore and Gillingham, 2006; Shepard et al., 2008b; a,
Paterson in press).
Results of landscape genetic studies of snake species, while lacking, suggest the
influential role habitat fragmentation plays in restricting gene flow. Eastern foxsnakes
(Pantherophis gloydi), a marsh and prairie specialist, have shown genetic structuring patterns
reflecting heavily fragmented areas created by agriculture (Row et al., 2010). Similarly, the
yellow anaconda (Eunectes notaeus) in Argentina displayed strong patterns of genetic structuring
between wetland habitats likely as a result of the lack of available habitat between wetlands
(McCartney-Melstad et al., 2012). Alternatively, in a relatively unfragmented habitat with a
continuous distribution of yellow belly racers (Coluber constrictor flaviventris), Klug et al.
(2011) found high allelic diversity, high heterozygosity, and no population substructure
suggesting the landscape was not influencing patterns of gene flow.
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DiLeo et al. (2013) conducted the first and only landscape genetic study of eastern
massasaugas which included two populations centers in Ontario, Canada. One population was
located on the Bruce Peninsula while the second was located across the Georgian Bay along the
eastern coast. The researchers were not only interested in identifying which landscape features
influenced gene flow but also if the findings were consistent across both populations. DiLeo et
al. (2013) used results from previous eastern massasauga telemetry studies to assist in defining
resistance values for their resistance models (Harvey and Weatherhead, 2006; Rouse et al.,
2011). Open canopy habitat, wetlands, and sparse forests were classified as suitable landscape
types while open water, dense forests, and roads were considered potential barriers. Using
Mantel tests, they evaluated the correlations between genetic similarity and landscape variables
and used a causal modelling framework to rank 18 isolation by resistance models. DiLeo et al.
(2013) then compared the 18 models to a null isolation by distance model to see which model
best explained the observed pairwise genetic distances.
In the Bruce Peninsula and the northern population on the eastern coast of the Georgian
Bay, none of the isolation by resistance models were significant. However, the southern
population on the eastern coast of the Georgian Bay had five significant isolation by resistance
models. Each of these models included open water and roads, suggesting that open water and
roads were negatively influencing gene flow. DiLeo et al. (2013) findings ultimately supported
the idea that landscape features influence genetic structuring of eastern massasaugas differently
across the two populations due to either differences in landscape features or from different
historic population sizes at each of the sites.
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Landscape genetics
Landscape genetics is a concept that combines the fields of molecular population genetics
and landscape ecology (Manel et al., 2003). Landscape genetics allows for spatial and genetic
data to be analyzed simultaneously to understand how the landscape influences gene flow of the
population of interest by assessing breaks, gradients, or transitions in both the genetic and spatial
data (Holderegger and Wagner, 2006). Resistance modeling is used to quantify the relationship
between landscape variables and gene flow by modeling gene flow as the ability of an organism
to move through the environment (Wang et al., 2008). In resistance modeling, resistance surfaces
are spatial grids that represent a landscape or ecological feature of interest where each cell is
assigned a value. This value is dependent on the landscape type and organism and indicates how
much the landscape feature either impedes or facilitates gene flow (Spear et al., 2010).
A major challenge associated with modeling resistance is assigning values to resistance
surfaces which is called parametrization (Spear et al., 2010). Previously, many studies have
relied on expert opinion (Beier et al., 2008; Lee-Yaw et al., 2009; Amos et al., 2012). This
method has proven to be unreliable, as resistance surfaces are sensitive to incorrect
parameterizations (Beier et al., 2008; Shirk et al., 2010; Spear et al., 2010). Another method for
the parameterization of resistance surfaces is the use of empirical data and habitat suitability
models (Wang et al., 2008; Row et al., 2010; Hagerty et al., 2011). While less subjective than
expert opinion, there is evidence that using empirical data or habitat suitability to set resistance
values may lead to inaccurate results as there is a disconnect between a species’ habitat
requirements and processes driving gene flow (Peterman et al., 2014). Peterman (2018)
developed an R package, ResistanceGA, which sidesteps some of the previous problems
associated with assigning resistance values. ResistanceGA eliminates the need for providing a
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priori information for resistance modeling and sets values for resistance surfaces by maximizing
the relationship between pairwise landscape resistance and pairwise genetic data (Peterman et al.,
2014; Peterman, 2018).
The barriers to gene flow and landscape connectivity for eastern massasaugas is poorly
understood. Additionally, our current understanding of eastern massasauga population
structuring has been predominately derived from research of populations outside of Michigan
(Gibbs et al., 1997; Chiucchi and Gibbs, 2010b; DiLeo et al., 2013), even though Michigan holds
the majority of remaining eastern massasauga populations (Szymanski et al. 2016). Many of
these previously studied populations have experienced severe population declines and are more
sparsely distributed (Szymanski et al., 2016; Sovic et al., 2019b), therefore the conclusions of
past studies may not accurately reflect the genetic structure patterns of Michigan populations. So,
by identifying dispersal barriers and defining the population structuring of a Michigan population
of eastern massasaugas, we aim to provide information for effective management protocols of
remaining populations.
PURPOSE
The results from this study can help us better understand how an eastern massasauga
population functions in less human modified landscapes. We are particularly interested if an
eastern massasauga population with a high abundance of snakes and little habitat fragmentation
will exhibit genetic structuring. We can compare our results to other eastern massasauga
populations in more fragmented habitats to develop more effective management techniques to fit
the needs of each unique population. Furthermore, our research will provide additional genetic
information about eastern massasauga populations within Michigan.
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SCOPE
Previous range wide eastern massasauga genetic studies incorporated samples from
populations in Illinois, Pennsylvania, Ohio, New York, and Ontario in their analyses (Gibbs et
al., 1997; Chiucchi and Gibbs, 2010b; Sovic et al., 2019b). Noticeably, populations from
Michigan were not included, despite Michigan having the highest number of remaining
populations of eastern massasaugas and being the center point of the species distribution
(Szymanski et al., 2016). Furthermore, many of the eastern massasauga populations included in
the range wide study are more sparsely distributed and have experienced greater population
declines (Szymanski, 1998; Szymanski et al., 2016). Therefore, the conclusions may not be
applicable to Michigan populations, making our research a valuable resource for the
conservation and management of eastern massasauga populations in Michigan.
ASSUMPTIONS
1) We assume we included landscape features in our model that influenced gene flow of eastern
massasaugas on BBI.
2) We assume our genetic samples are representative of the genetic diversity of eastern
massasaugas on BBI.
3) We assume accurate landscape classification from the shapefiles used to create our resistance
models.
4) We assume accurate GPS locations of our sampled individuals.
5) We assume the resistance values from ResistanceGA accurately represent how the specific
landscape variables influence gene flow of eastern massasaugas.
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OBJECTIVES
Our objectives are to (1) determine how different landscape features influence gene flow
of eastern massasauga on BBI, (2) identify the level of genetic connectivity within the
population, and (3) describe patterns of fine scale genetic structuring, such as IBD and spatial
autocorrelation.
SIGNIFICANCE
Michigan retains the most historic and extant populations of eastern massasaugas and is
the center point of the species distribution (Szymanski et al., 2016). Despite this, past population
structure studies have excluded Michigan populations (Gibbs et al., 1997; Chiucchi and Gibbs,
2010b; DiLeo et al., 2013; Sovic et al., 2019b). Additionally, many of the populations included
in previous studies have undergone pronounced population declines and are more sparsely
distributed (Szymanski et al., 2016; Sovic et al., 2019b). Therefore, the conclusions from past
research may not be applicable to Michigan populations, making it important to assess the
genetic connectivity and structuring of eastern massasauga populations within Michigan.
Previous genetic studies of eastern massasaugas have suggested that populations are often
isolated from one another with little to no gene flow occurring between populations (Chiucchi
and Gibbs, 2010a; Sovic et al., 2019b). However, the landscape features which act as barriers or
facilitators of gene flow for eastern massasaugas are poorly understood. Understanding how the
landscape influences genetic connectivity is vital for management and conservation of remaining
populations. Landscape genetics has shown to be an effective method for uncovering how the
landscape influences patterns of gene flow, and for identifying effective solutions for restoring
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population connectivity (Ruiz-Lopez et al., 2016; Khimoun et al., 2017; Flores-Manzanero et al.,
2018).
Many remaining populations of eastern massasaugas exist in heavily fragmented
landscapes (Szymanski et al., 2016). Unlike these populations, the eastern massasaugas on BBI
inhabit a highly connected landscape with little human influence. Studying such a unique
population will help provide insight as to how eastern massasauga populations may have
functioned prior to European colonization. This information can then be used to inform future
management decisions and can act as a baseline for comparisons to other populations.
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CHAPTER II
Using landscape genetics to understand connectivity of an island population of eastern
massasauga rattlesnakes (Sistrurus catenatus)
Nathan Kudla1,2, Eric McCluskey1,3, and Jennifer A. Moore1,4
1

Department of Biology, Grand Valley State University, 1 Campus Drive, Allendale, Michigan,
49401, USA

E-mail addresses: 2 kudlana@mail.gvsu.edu, 3 mccluske@gvsu.edu, 4 moorejen@gvsu.edu
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ABSTRACT
Populations that experience low levels of gene flow commonly display increased levels
of inbreeding, lower genetic diversity, and reduced adaptive potential. Landscape genetics allows
for spatial and genetic information to be analyzed simultaneously to better understand how the
landscape influences gene flow. The eastern massasauga rattlesnake (Sistrurus catenatus) is a
federally threatened viper found in wetlands throughout the Great Lakes region. Many remaining
populations are small and isolated due primarily to habitat loss. Atypical from a range-wide
perspective, eastern massasaugas on Bois Blanc Island (BBI), Michigan live in a relatively
undisturbed landscape with a potential for high connectivity across the 88 km2 island. We used
landscape genetics to examine the influence of landscape features on gene flow across BBI to
determine if eastern massasaugas have detectable gene flow across a well-connected landscape
with high abundance. We genotyped 102 snakes at 15 microsatellite loci and measured pairwise
genetic distances using the proportion of shared alleles (Dps). We created resistance surfaces for
land cover, roads, distance from roads, and compound topographic index. The R package
ResistanceGA was used to optimize resistance surfaces and calculate pairwise effective
resistance among individuals. We calculated an average observed heterozygosity of 0.574 and
found no well-defined genetic structuring among our samples. Significant isolation by distance
(IBD) was detected as well as positive spatial autocorrelation at distances less than 1 km. Our
landscape genetic analysis identified the distance from roads surface to be our most supported
model. In addition, either distance from roads or roads were included in the top three models
suggesting the strong influence roads play in structuring patterns of gene flow of eastern
massasaugas despite the low number of gravel roads and traffic volume on BBI. Our results
suggest that roads act as barriers, reducing connectivity of eastern massasauga populations even
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in more rural areas with high quality habitat. Despite this, we still found considerable gene flow
across the well-connected landscape of BBI.
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INTRODUCTION
Isolated, small populations are typically characterized by higher rates of inbreeding,
lower genetic diversity, and an increased frequency of deleterious alleles compared to larger,
well connected populations (Frankham, 1995; Lande, 1995; Lynch et al., 1995). The reduction of
genetic variability in small, isolated populations can limit their adaptive potential (Frankham,
1995). With limited adaptive potential, factors such as environmental stochasticity, demographic
stochasticity, and inbreeding can create an extinction vortex for populations (Gilpin and Soule,
1986; Fagan and Holmes, 2005). Therefore, understanding how populations are structured and
how the landscape influences gene flow are crucial for implementing proper management
protocols (Manel et al., 2003).
As natural habitats continue to shrink and become more fragmented, it becomes
increasingly important to understanding how remaining habitats are structurally and functionally
connected. Structural connectivity considers the connectivity of landscape features, while
functional connectivity incorporates a species’ behavioral response to landscape features as well
as the configuration of the landscape (Kindlmann and Burel, 2008). Genetic connectivity is
therefore a measure of functional connectivity and is dependent on both the landscape
characteristics and the mobility of the organism of interest (Adriaensen et al., 2003). Ultimately,
functional connectivity of the landscape shapes fundamental biological processes such as
metapopulation dynamics, speciation, and the distribution of species (Storfer et al., 2007).
Understanding how the landscape is functionally connected can therefore provide information
about the importance of dispersal and gene flow at the scale at which they are occurring, and
their effects on long-term population viability.
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Landscape genetics uses fine scale genetic and spatial data to quantify how the landscape
influences gene flow and genetic population structure (Manel et al., 2003b; Holderegger and
Wagner, 2008). Different landscape features may facilitate or restrict gene flow and by using
resistance surfaces, we are able to effectively model these processes. Resistance surfaces are
spatial grid layers that assign a value to grid cells representing landscape features wherein the
value equates to the degree the landscape feature facilitates or restricts gene flow (Spear et al.,
2010; Zeller et al., 2012). Using the recently developed R package ResistanceGA (Peterman et
al. 2014; Peterman, 2018) we can assign landscape resistance values to resistance surfaces in a
way that maximally explains the variation in spatial genetic distance data. ResistanceGA is
distinct from other resistance surface parameterizations in that it (1) requires no a priori
assumptions about the direction of relationship between a landscape surface and its effect on
gene flow; (2) conducts a true optimization of parameters; (3) can optimize categorical (e.g., land
cover) as well as continuous (e.g., distance from roads) landscape surfaces using the same
framework; and (4) can simultaneously optimize multiple surfaces at once (Peterman, 2018).
A species that generally fits the description of living in small and isolated populations is
the eastern massasauga rattlesnake (Sistrurus catenatus). The eastern massasauga is a federally
threatened viper found throughout the Great Lakes region (Szymanski et al., 2016). Due
primarily to a loss of wetland habitat, eastern massasaugas have declined across the entirety of
their range with many populations experiencing recent declines suggesting anthropogenic
influences (Sovic et al., 2019). Across the species range, low levels of gene flow have been
documented between populations even in close proximity (< 7km) (Chiucchi and Gibbs, 2010;
Sovic et al., 2019). The lack of gene flow has left remaining populations isolated and with small
effective population sizes (<50) (Baker et al., 2018; Bradke et al., 2018; Sovic et al., 2019). The
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lack of gene flow among these isolated populations is expected to reduce existing genetic
variation of populations by 20% in the next 100 years due to genetic drift (Sovic et al., 2019). A
more robust understanding of how gene flow could be promoted between remaining populations
and across the landscape is therefore vital for effective local population conservation.
Eastern massasaugas prefer wetland, grassland, and lowland forest habitat (Reinert and
Kodrich, 1982; Weatherhead and Prior, 1992; Moore and Gillingham, 2006). Researchers have
documented a seasonal change in habitat use from lowland and forested habitats during
hibernation to more open and dry habitats during the active season (Reinert and Kodrich, 1982;
Harvey and Weatherhead, 2006). Eastern massasauga movement patterns vary across the
species’ range. Average daily movements of eastern massasaugas were measured at 56
(Weatherhead and Prior, 1992), 10.47 (Marshall et al., 2006), 9.1 (Reinert and Kodrich, 1982),
and 6.9 m/day (Moore and Gillingham, 2006), while average home ranges were measured at 25
(Weatherhead and Prior, 1992), 4.02 (Marshall et al., 2006), 0.98 (Reinert and Kodrich, 1982),
and 1.3 ha (Moore and Gillingham, 2006). The discrepancies in movement and home range size
are likely attributed to the amount of available habitat, fragmentation, and habitat quality at each
site and highlight the variability of habitat use and movement patterns across the species range.
Roads can act as barriers to movement for eastern massasaugas either by causing high rates of
mortality or avoidance behavior (Moore and Gillingham, 2006; Shepard et al., 2008a; b; Paterson
in revision). Using landscape genetics, DiLeo et al. (2013) concluded that open water had a
considerable influence on genetic structuring of eastern massasauga populations while roads had
a minor impact.
We conducted a landscape genetic study of an eastern massasauga rattlesnake population
on Bois Blanc Island (BBI), Michigan. BBI is a unique study site due to the limited human
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presence and broad distribution of massasaugas on the island, allowing our findings to provide
insight as to how eastern massasauga populations function in areas with minimal anthropogenic
land changes. An added benefit of studying an island population is that the clear geographic
boundary eliminates problems associated with the spatial extent and resolution typically found in
landscape genetic studies (Cushman and Landguth, 2010). We are specifically interested in
determining if the eastern massasauga population on BBI shows signs of genetic structuring
across a well-connected landscape with a high abundance of snakes. In addition, the results of
our analyses can provide baseline information to compare to more fragmented populations in
order to better understand the influence of anthropogenic habitat fragmentation on eastern
massasauga populations. Our objectives were to (1) determine how various landscape features
influence gene flow of eastern massasauga on BBI, (2) identify the level of genetic connectivity
within the population, and (3) describe patterns of fine scale genetic structuring, such as isolation
by distance (IBD) and spatial autocorrelation, of eastern massasaugas on BBI.
METHODS
Study area
BBI is situated in Lake Huron between the Upper and Lower Peninsulas of Michigan,
United States. The island is roughly 5.5 km off shore from the Lower Peninsula, measures 88
km2 in area, and is 19 km long by 9.5 km wide (Figure 1). The island was logged from 19001930 using three narrow gauge trains that ran through the interior of the island and may have
provided additional open canopy habitat for eastern massasaugas (Sanborn et al., 2012). The
most abundant landcover types on the contemporary landscape are as follows; forested wetland
(23.6%), deciduous forest (23.2%), evergreen forest (19.8%), mixed forest (12.6%), and scrub
shrub wetland (5.5%) (Coastal Change Analysis Program; Figure 2). The island is largely
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undeveloped and has few anthropogenic impacts. BBI has 95 residents equating to a population
density of 2 people/square mile (Census Bureau, 2010). There are three gravel county roads that
encompass the island. One runs along the shoreline from the northeast corner to the western edge
of the island. The other two bisect the island providing access to the two largest inland lakes on
the island, Twin Lake and Thompson Lake, and the airport runway (Figure 2). It is estimated that
the island was deglaciated 11,200- 11,000 years ago (Larsen, 1987). After deglaciation, BBI was
isolated from the Upper and Lower Peninsula until 10,300 years ago when lake levels dropped,
connecting BBI to the Lower Peninsula (Larsen, 1987). This period is likely when eastern
massasaugas colonized BBI. The water level of the lakes once again rose and BBI became
isolated around 4,500-4,000 years ago (Larsen, 1987)
Sampling methods
We conducted visual encounter surveys from July 24-26 in 2015, May 26- 31 and
September 8-10 in 2017, and May 27-June 3 in 2018. Survey sites were located using previous
locations of eastern massasauga captures documented by the Michigan Natural Features
Inventory and by identifying open canopy areas using aerial imagery. We attempted to distribute
sites in order to cover the most distance between sites to ensure that the heterogeneity of the
landscape and genetic variation of individuals were adequately sampled (Balkenhol et al., 2015).
At the location of each snake capture, we recorded soil temperature, shaded air temperature,
cloud cover, and GPS waypoint. We measured each individual’s weight and length, and probed
the cloaca and palpated snakes to determine sex and reproductive status. Up to 200 µl of blood
was collected from the caudal artery of each individual and stored in 95% ethanol. After
completing data collection, snakes were returned to their capture site and released. All equipment
that came in contact with a snake was either sterilized with a 10% bleach solution or single use
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equipment was changed out between individuals in order to prevent the spread of snake fungal
disease (Ophidiomyces ophiodiicola).
Laboratory analyses
We extracted DNA from blood samples of 102 unique eastern massasaugas using
QIAGEN DNeasy Tissue kits following the manufacturer’s protocol. We genotyped individuals
at 16 microsatellite loci developed by Anderson et al. (2010). Each 10 µl PCR reaction contained
20-100 ng DNA, 10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl2, 1 µl of 0.5 mg/ml bovine serum
albumin, 0.2 µl deoxynucleotide solution mix (0.2 mM of each), 1 unit Taq DNA polymerase,
0.6 µl primers (2 µM of each with fluorescently labeled forward primer), and 5 µl doubledistilled H2O. We amplified loci with an Eppendorf Mastercycler nexus gradient thermal cycler
and followed the protocol established by Anderson et al. (2010), except for modifying annealing
temperatures. Loci with their modified annealing temperatures are as follows: Scu215 (50°C),
Scu210 (56°C), Scu211 (56°C), Scu212 (56°C), Scu213 (56°C), Scu214 (56°C), Scu216 (56°C),
Scu202 (60°C), Scu203 (60°C), Scu205 (60°C), Scu200 (62°C), Scu201 (62°C), Scu204 (62°C),
Scu206 (62°C), Scu208 (62°C), and Scu209 (62°C). To detect any potential contamination of our
PCR runs, we used a negative control for each amplified locus. Following PCR amplification, we
scored fragments using PeakScanner V 2.0. Of the 102 samples, we reamplified and genotyped
~10% (11 individuals) of our total sample to verify our genotyping results and to calculate a PCR
and allele scoring error rate.
Genetic analyses
We tested all samples for departures from Hardy Weinberg equilibrium and linkage
disequilibrium using exact tests in the program GENEPOP (version 4.2) (Rousset, 2008). Using
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the program GenAlEx (version 6.5) (Peakall and Smouse, 2005), we calculated the number of
alleles, effective number of alleles, observed heterozygosity, expected heterozygosity, and spatial
autocorrelation of individuals. We used a Bonferroni correction to account for multiple
comparisons. We used the program STRUCTURE (version 2.3.4) to detect genetic clustering of
our samples (Hubisz et al., 2009). In STRUCTURE we used an admixture model with a burn-in
of 50,000 Markov chain Monte Carlo (MCMC) iterations and 500,000 MCMC iterations after
burn-in (Bradke et al., 2018). We evaluated a k of 1-15 with 20 iterations each. In STRUCTURE
HARVESTER (Earl and vonHoldt, 2012), we used the ΔK method (Evanno et al., 2005) to
determine the best supported value of K. In addition to STRUCTURE, we also assessed genetic
clustering of our samples using a multivariate method, Discriminant Analysis of Principal
Components (DAPC) (Jombart, 2008) in the program R (R Core Team 2013). One of the
benefits of using DAPC is it does not require the population genetic assumptions that a
STRUCTURE analysis requires, such as loci being in Hardy Weinberg equilibrium and
displaying linkage equilibrium (Pritchard et al., 2000). DAPC is also effective at discerning
genetic clustering in more complex population genetics models (Jombart et al., 2010).
Spatial Analyses
To assess patterns of IBD, we used Mantel tests within the package Adegenet in R
(Jombart, 2008). In our Mantel tests, genetic distance was measured using the proportion of
shared alleles (Dps) and geographic distance was determined by the UTM coordinates of sampled
individuals. We tested for spatial autocorrelation among the 102 samples to identify patterns of
fine scale genetic structuring. Using the program GenAlEx, we used a pairwise matrix of genetic
and geographic distance to calculate a correlation coefficient (r) for each distance bin. Distance
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bins were set at 0.5 km and extended from 0 to 5 km. Significant spatial autocorrelation occurred
when r was greater than the 95% confidence interval (Peakall et al., 2003).
Landscape genetics
We created resistance surfaces for land cover, roads, distance from roads, and compound
topographic index. For land cover we used spatial layers from the NOAA Coastal Change
Analysis Program (CCAP) (https://coast.noaa.gov/digitalcoast/tools/lca.html). Specific land
cover classifications used in our analyses include: developed/agriculture/pasture/grassland,
deciduous forest, coniferous forest, mixed forest, wetland, scrub-shrub wetland, emergent
wetland, and open water. To create the resistance layer for roads, we made a road raster layer by
manually digitizing aerial imagery and then converting it into a binary classification (1 = not
roads and 2 = roads). Our distance from roads surface was a continuous raster of straight-line
distance from the roads surface we created. Compound topographic index, which is strongly
correlated with soil moisture, was derived from a 30 m digital elevation model using the gradient
metrics toolbox (Evans et al. 2014). All resistance surfaces were resampled to 30 m resolution
with ArcGIS (10.4 ESRI). We jittered the locations of sampled individuals that fell within the
same raster cell to prevent issues associated with multiple data points within one raster cell. Our
resistance surfaces were run both individually and in pairwise combinations using up to three
surface combinations. Afterwards, all optimized surfaces were compared using AICc model
ranking.
We used ResistanceGA in the program R (version 3.5.2) to parameterize our resistance
surfaces and to conduct model selection for our landscape genetic analysis (Peterman et al.,
2014; Peterman, 2018). Using a genetic algorithm with maximum likelihood population effects
mixed effects models (Clarke et al. 2002), ResistanceGA is able to identify landscape variables
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that best explain pairwise genetic similarity between sampled individuals or populations. We
used the commuteDistance function within the gdistance R package to calculate the effective
distance between sampled individuals using an eight neighbor connection scheme (van Etten
2014). Effective distance represents the time it takes individuals to travel between one another
and includes all possible pathways and is equivalent to resistance distance calculated using
CIRCUITSCAPE (McRae 2006; van Etten 2014). ResistanceGA optimizes landscape resistance
values without a priori assumptions about how landscape features may affect movement of
eastern massasaugas and is able to optimize resistance values for both categorical (e.g., land
cover) and continuous (e.g., distance from roads) surfaces, as well as all possible combinations
of surfaces.
RESULTS
Across our 102 samples, Scu 209 was removed from our analyses due to it being
monomorphic. Using the 15 remaining loci, we calculated an allele scoring error rate of 2.98%.
After Bonferroni correction, we discovered that all of our loci were in Hardy Weinberg
equilibrium, while 8 out of 105 pairs of loci showed significant signs of linkage disequilibrium.
Alleles at each locus ranged from 2 (Scu 206) to 12 (Scu 211). The average number of alleles
across our loci was 5.5 and the number of effective alleles was 3.0. Observed heterozygosity
across our loci ranged from 0.17 (Scu 208) to 0.81 (Scu 215). Overall, the average observed
heterozygosity for BBI was 0.55 while the expected heterozygosity was 0.56 (Table 1).
The STRUCTURE analysis identified 2 genetic clusters as the most likely structuring for
our samples (Figure 3). For the DAPC analysis, we retained 25 principal components which
comprised 87.7% of the total variation. Our DAPC results found a genetic structuring of k=3 was
most supported (Figure 4 & 5). However, when analyzing the spatial distribution of genetic
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clusters, many sample sites contained individuals from different genetic clusters suggesting weak
genetic structuring among sampled eastern massasaugas on BBI. We identified significant
positive spatial autocorrelation between individuals at approximately 1 km on BBI, suggesting
massasaugas show restricted dispersal within 1 km (Figure 6). Across our samples, we found a
significant pattern of IBD (p-value = 0.006).
From our ResistanceGA analysis, we identified 8 models that explained the genetic
distance data better than Euclidean distance. Based on AICc values, distance from roads was our
most supported model (AICc weight = 0.641; Table 2; Figure 7), followed by land cover/roads,
distance from roads/roads, and land cover/distance from roads (Table 2). All of the top models
included either distance from roads or roads, suggesting the strong influence roads play in
shaping genetic patterns of eastern massasaugas on BBI.
DISCUSSION
From our landscape genetic results, roads appear to be the most influential landscape
feature shaping gene flow of eastern massasaugas on BBI. This is a somewhat surprising result
given there are few gravel roads and low traffic volume on BBI (Figure 2). However, the impact
of roads on eastern massasauga behavior has been documented in past research. Shepard et al.
(2008a) studied the behavioral influence of roads by comparing the number of observed eastern
massasauga road crossings to the number of predicted road crossings using randomized
movement patterns. Shepard et al. (2008a) found that eastern massasaugas crossed roads
significantly less than predicted, indicating a behavioral avoidance of roads. Similarly, Paterson
(in press) investigated the behavioral influence of roads on both eastern massasauga movement
and use of habitat adjacent to roads. They found that although eastern massasaugas readily used
habitat adjacent to roads, they avoided crossing all different types of roads (paved, unpaved, fast
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traffic, and slow traffic). On BBI eastern massasaugas likely avoid roads due to the lack of cover
road surfaces provide and not because of noise and vibrations from traffic due to the limited
traffic volume on the island. Eastern massasaugas prefer structurally complex habitats as they
decrease the potential for predation (Moore and Gillingham 2006; Shoemaker and Gibbs 2010)
so avoiding roads may act as an antipredation strategy.
Roads can also act as barriers due to road mortality preventing the dispersal of
individuals. Over time, the decrease of dispersing individuals will create a lack of gene flow
leading to genetic structuring between populations separated by roads (Litvaitis et al. 2015;
Frantz et al. 2012). During our study, we found two dead eastern massasaugas on the road and
heard anecdotal accounts from multiple island residents about seeing roadkill rattlesnakes.
Shepard et al. (2008 b) monitored reptile mortality over two active seasons in Illinois and
observed 42 incidents of eastern massasauga road mortality. Eastern massasauga road mortality
was biased towards males and occurred most often between mid-August and mid-September,
which is around the time eastern massasaugas are most actively searching for mates (Jellen et al.
2007). Baker et al. (2016) quantified the sources of mortality of an eastern massasauga
population in Illinois using ten years of data from radio telemetry studies and observations. They
found that automobiles were the leading cause of mortalities and accounted for 32% of all
observed mortalities. Eastern massasaugas may be more likely to attempt to cross roads in areas
where road networks are denser and there is a lack of suitable habitat, ultimately leading to an
increase in road mortality (Rouse et al. 2011). This may explain the high number of road
mortalities observed in Illinois as much of the historic habitat for eastern massasaugas has been
destroyed and there is an abundance of high traffic roads (Dreslik 2005; Baker et al. 2016;
Shepard et al. 2008). We should expect then in areas where habitat is more abundant, such as
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BBI, eastern massasaugas may behaviorally avoid roads, which would limit the number of road
mortalities but still reduce gene flow and therefore influence patterns of genetic structuring as we
observed.
The influence of roads has been found in studies of other snake species as well. Clark et
al. (2010) compared the genetic variation and differentiation of timber rattlesnakes (Crotalus
horridus) from hibernacula separated by roads to individuals from hibernacula not separated by
roads. Timber rattlesnakes that occupied hibernacula isolated by roads had significantly lower
genetic diversity and higher genetic differentiation than snakes from hibernacula in contiguous
habitat. Based on their parentage assessment, Clark et al. (2010) concluded that lower genetic
diversity and higher genetic differentiation was associated with fewer matings between
individuals from hibernacula separated by roads suggesting that roads are a significant barrier to
gene flow for timber rattlesnakes. Shine et al. (2004) found that even small, low traffic gravel
roads (similar to those on BBI) significantly modified the distributions, movement patterns, and
mate location abilities of red-sided garter snakes (Thamnophis sirtalis parietalis). Garter snakes
approaching roads typically either went straight across or turned to move parallel along the
road’s edge suggesting a behavioral aversion to roads.
The significant genetic clustering found in our STRUCTURE and DAPC analyses
suggests that roads are likely contributing most to the observed patterns of gene flow on BBI.
However, the lack of clearly defined genetic clusters on opposing sides of roads indicates that
roads are acting as a soft barrier and still allow for some connectivity. Our findings on BBI are
unlike the findings of many previously studied eastern massasauga populations. For example,
Chiucchi and Gibbs (2010) and Sovic et al. (2019) found genetic structuring among 11 eastern
massasauga sampling regions. In their more fine scale population clustering analyses, Chiucchi
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and Gibbs (2010) found significant genetic structuring among all but two sites which were
sampled in close proximity (< 2 km), with some distinct clusters separated by less than 4 km.
This discrepancy of results between BBI and Chiucchi and Gibbs (2010) can likely be attributed
to differences in habitat quality and fragmentation. The fine scale structuring results from
Chiucchi and Gibbs (2010) came from samples located in northeast Ohio where the landscape is
heavily fragmented by agriculture and roads relative to BBI where there is an abundance of
connected habitat and few low traffic gravel roads. So, although the genetic patterns of eastern
massasaugas on BBI appear to be influenced by roads, the roads are not acting as hard barriers as
seen in the significant genetic structuring observed elsewhere.
We detected signatures of dispersal up to 1 km, which is similar to the average maximum
range length measured in eastern massasaugas in the Bruce Peninsula, Ontario (Weatherhead and
Prior 1992). Combining that with the lack of strong observed genetic structuring, suggests there
is gene flow of eastern massasaugas across the entirety of BBI and is likely facilitated by suitable
habitat acting as stepping stones for gene flow (Crandall et al. 2012). So, although eastern
massasauga dispersal is limited to 1 km on BBI, gene flow can still be facilitated across the 88
km2 landscape due to a few migrants per generation moving between stepping stone habitats
across BBI (Wright 1931; Lowe and Allendorf 2010).
Our results hint at the strong impact roads play in structuring patterns of gene flow of
eastern massasauga rattlesnakes, which we can use to help inform future management and
conservation decisions. For populations of eastern massasaugas separated by high traffic roads
within fragmented landscapes, we can likely assume very little gene flow is occurring and
populations are isolated. Therefore, trying to connect or treat these populations as a single
management unit is likely an unwise decision. Instead, these isolated populations would make
38

good candidate populations for genetic rescue through introductions or reciprocal translocations
(Sovic at al. 2019; Whiteley et al. 2015). Alternatively, it can be assumed that eastern
massasaugas that are not separated by roads, have suitable intervening habitat, and are within ~1
km distance from one another can be treated as a single management unit. Future research
comparing the impact of road construction between known eastern massasauga habitat would
help provide definitive information about how roads influence gene flow of eastern massasaugas.
Additionally, we recommend studies evaluate the effectiveness of ecopassages in promoting
gene flow, reducing road mortality, and reducing genetic structuring of eastern massasaugas
separated by roads (Colley et al. 2017).
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TABLES

Table 1: Summary of results from genetic analyses of 102 eastern massasaugas on Bois Blanc Island. (Na= number of alleles, Ho=
observed heterozygosity, He= expected heterozygosity).
Loci
Na
Ho
He

212
5
0.62
0.62

215
5
0.81
0.76

204
4
0.60
0.70

213
5
0.55
0.62

202
7
0.66
0.66

216
11
0.76
0.80

217
7
0.63
0.64

201
4
0.41
0.39

203
3
0.61
0.61

208
4
0.17
0.15
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206
2
0.33
0.35

205
8
0.76
0.74

210
7
0.78
0.77

214
4
0.27
0.28

211
11
0.80
0.81

209
1
0
0

average
5.5
0.55
0.56

Table 2: Model selection results for linear mixed-effects models optimized on Dps for both individual and composite surfaces for
eastern massasaugas on Bois Blanc Island.
Surface
Road distance
Land cover/roads
Road distance/roads
Land cover/road distance
Road distance/cti
Land cover/road
distance/roads
Roads
Road distance/cti/roads
Distance
Land cover/cti/roads
Cti/roads
Land cover/road distance/cti
Cti
Land cover/cti
Land cover
Null

k
4
12
6
13
7
15

AIC
-11578.5
-11594.91
-11578.95
-11595.71
-11578.33
-11596.55

AICc
-11578.09
-11575.40
-11574.06
-11573.58
-11571.14
-11568.97

ΔAICc
0
2.69
4.03
4.51
6.95
9.12

wi
0.641
0.167
0.085
0.067
0.020
0.006

3
9
2
15
6
16
4
13
10
1

-11567.20
-11578.74
-11561.78
-11593.00
-11570.25
-11593.99
-11563.73
-11583.12
-11561.78
-11383.99

-11568.95
-11566.78
-11565.66
-11565.42
-11565.37
-11563.59
-11563.32
-11560.98
-11547.36
-11387.95

9.14
11.31
12.43
12.67
12.72
14.5
14.77
17.11
30.73
190.14

0.006
0.002
0.001
0.001
0.001
>0.001
>0.001
>0.001
>0.001
>0.001
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FIGURES

Figure 1: Study site and sampling locations of eastern massasaugas on Bois Blanc Island,
Michigan. Blood samples were collected in 2015, 2017, and 2018 from 102 individuals.
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A

B

C

D

Figure 2: Resistance surfaces created using ArcGIS (10.4 ESRI) for (A) compound topographic
index indicating topographic wetness derived from a 30 m digital elevation model using the
gradient metrics toolbox in ArcGIS, (B) a road raster classifying roads and not roads, (C) land
cover created from the Coastal Change Analysis Program (CCAP), and (D) distance from roads
which is a continuous raster of straight-line distance from roads. All resistance surfaces were
resampled to 30 m resolution with ArcGIS.
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Figure 3: Genetic structuring of 102 individual eastern massasaugas on Bois Blanc Island,
Michigan assigned to 2 genetic clusters identified by STRUCTURE with a k 1-15 and 20
iterations. Orange points represent individuals assigned to cluster 1, while blue points represent
individuals assigned to cluster 2.
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Cluster 1
Cluster 2
Cluster 3

Figure 4: Genetic structuring results from Discriminant Analysis of Principal Components
(DAPC) analysis of 102 eastern massasaugas on Bois Blanc Island, Michigan. We retained 25
PCs which compromised 87.7% of the total variation. Blue points represent individuals assigned
to cluster 1, yellow points represent individuals assigned to cluster 2, and red points represent
individuals assigned to cluster 3.
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Figure 5: Visualization of Discriminant Analysis of Principal Components (DAPC) results
displaying the genetic samples separating into 3 genetic clusters. The axes are the first two
Linear Discriminants (LD). Each dot represents an individual and each circle represents a cluster
which are numbered 1, 2, and 3.
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Figure 6: A correlogram plot of our eastern massasauga samples collected from Bois Blanc
Island. On the y-axis, r represents the genetic correlation coefficient while the x axis represents
the distance class (km) of our samples. The dashed red lines represent 95% upper and lower
confidence intervals for the null hypothesis of no spatial genetic structure.
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Figure 7: Resistance map for distance from roads surface layer parameterized by
ResistanceGA indicating areas of low connectivity (high resistance) and high
connectivity (low resistance).
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CHAPTER III
EXTENDED LITERATURE REVIEW
The field of landscape ecology studies how ecological effects influence the spatial
patterning of ecosystems (Turner, 1989). Molecular population genetics, on the other hand,
studies the variation of allelic frequencies of populations to provide a direct measurement of
functional connectivity (Beninde et al., 2016; Holderegger & Wagner, 2008). Landscape genetics
combines these two techniques to analyze how the landscape influences gene flow of individuals
or populations (Manel, Schwartz, Luikart, & Taberlet, 2003). Gene flow is the transfer of alleles
from one population/individual to another and is commonly used in landscape genetics as a way
to measure landscape connectivity. Researchers detect genetic discontinuities and then by
correlating discontinuities with landscape variables they are able to infer how the landscape is
influencing patterns of gene flow (Manel et al., 2003). We can use that information to then
hypothesize whether landscape features act as an ecological barrier or facilitator of gene flow.
Some examples of the versatility of landscape genetics include its use in identifying barriers to
gene flow, delineating management units, and locating habitat corridors (Clark, Brown, Stechert,
& Zamudio, 2010a; Creech et al., 2017; Wang, Yang, Bridgman, & Lin, 2008).
Genetic Structuring
STRUCTURE is one of the most widely used genetic structuring programs.
STRUCTURE uses a Bayesian clustering analysis to infer population structure and assigns
individuals to populations using multilocus genotype data (Pritchard, Stephens, & Donnelly,
2000). The program assumes a model with K populations where each population is characterized
by a set of allele frequencies at each locus. This information is then used to probabilistically
assign individuals to a population (Pritchard et al., 2000). One of the benefits of using Bayesian
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assignment is that is does not require a priori assumptions of the population origin for individuals
(Latch, Dharmarajan, Glaubitz, & Rhodes, 2006). However, STRUCTURE does make certain
assumptions, such as unlinked loci and loci at linkage and Hardy Weinberg equilibrium within
populations (Pritchard et al., 2000).
Discriminant Analysis of Principal Components (DAPC) is multivariate analysis used to
identify and describe genetic clusters of individuals. DAPC runs a Principal Components
Analysis prior to running a Discriminant Analysis, which ensures the variables are uncorrelated
allowing the Discriminant Analysis to be performed on genetic data (Jombart, Devillard, &
Balloux, 2010). DAPC then maximizes the difference between groups while minimizing the
difference between groups in order to discern population clusters (Jombart et al., 2010). When
prior groups are unknown, DAPC uses K-means clustering to assign individuals to genetic
clusters (Jombart et al., 2010). DAPC then uses Bayesian Information Criterion to identify the
best supported model for the number of genetic clusters in the sample (Jombart et al., 2010). One
of the benefits of using DAPC is it does not require the population genetic assumptions of a
STRUCTURE analysis, such as loci being in Hardy Weinberg equilibrium and displaying
linkage equilibrium (Pritchard et al., 2000). DAPC has also been shown to be effective at
discerning genetic clustering in more complex population genetics models when compared to a
STRUCTURE analysis (Jombart et al., 2010).
Spatial autocorrelation measures the correlation between objects in geographic space and
can be used to assess the fine scale genetic structure of a population. It is especially useful for
estimating genetic patterns of species which exhibit limited dispersal capabilities (Double,
Peakall, Beck, & Cockburn, 2005). The results of a spatial autocorrelation analysis can help
inform researchers about dispersal distances and the likely biological factors which are creating
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the observed genetic patterns. Smouse and Peakall (1999) developed a multivariate method to
calculate spatial autocorrelation which has been used with a variety of species (Double et al.,
2005; Herrmann, Pozarowski, Ochoa, & Schuett, 2017; Klug, Wisely, & With, 2011).
Resistance Modeling
Resistance modeling is used to quantify the relationship between landscape variables and
gene flow by modeling gene flow as the ability of an organism to move through the environment
(Wang et al., 2008). In resistance modeling, resistance surfaces are spatial layers that represent a
landscape or ecological feature of interest and are assigned a value. This value is dependent on
the landscape type and organism and indicates how much the landscape feature either impedes or
facilitates gene flow (Spear, Balkenhol, Fortin, Mcrae, & Scribner, 2010). Euclidean distance
alone does not capture how the landscape influences gene flow, so instead effective distance is
used. To calculate effective distance, the resistance values for the landscape variables the species
would theoretically move through are summed and represents how easily the organism could
move along the defined route (B. H. McRae, 2006).
Circuit theory is a popular resistance modeling technique that applies concepts from
electrical circuit theory to ecological models to estimate movement patterns and probabilities of
successful dispersals (McRae et al. 2008). Circuit theory improves on previous resistance
modeling techniques due to the precise relationship between circuit theory and random walk
theory (Chandra, Raghavan, Ruzzo, Smolensky, & Tiwari, 1996; Doyle & Snell, 2000) and the
use of multiple pathways between populations/individuals. The use of multiple pathways allows
for the identification of redundant pathways which are important for preserving overall
connectivity of the landscape rather than a singular route (B. H. McRae et al., 2008). Some
limitations of circuit theory include the inability to bias movement in one direction and the lack
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of memory from previous movements to influence future movements (B. H. McRae et al., 2008).
Analyses using circuit theory can be carried out using the program Circuitscape (B. McRae,
Shah, & Mohapatra, 2009).
An issue with resistance modeling is the use of expert opinion to generate a priori
assignment of resistance values for landscape variables (Spear et al., 2010). Recent studies have
shown that resistance surfaces are particularly sensitive to incorrect parameterization and using
expert opinion can be detrimental to model accuracy (Chandra et al., 1996; Rayfield, Fortin, &
Fall, 2010). To combat this inherent issue, Peterman (2014) developed ResistanceGA in the
statistical program R. ResistanceGA optimizes resistance surfaces based on pairwise genetic
distance simultaneously with both isolation by resistance and least-cost path models (Peterman,
2018). Inherit benefits of using ResistanceGA over previous parametrization methods include; no
a priori assumptions of landscape variable resistance, the ability to optimize both continuous and
categorical landscape surfaces using the same framework, and simultaneous optimization of
multiple resistance surfaces at once (Peterman, 2018). ResistanceGA is particularly useful in
situations where ecological data is lacking for model parameterization.
Eastern Massasaugas
The eastern massasauga rattlesnake (Sistrurus catenatus) is a small bodied pit viper found
throughout the Great Lakes region. Populations occur in Iowa, Wisconsin, Illinois, Indiana,
Ohio, Michigan, Pennsylvania, New York, and Ontario (Szymanski et al., 2016). Eastern
massasaugas are ectothermic ambush predators which feed primarily on small mammals
(Weatherhead et al., 2009). The average adult eastern massasauga measures 0.6 m with males
being typically larger than females (Szymanski et al., 2016). The species is ovoviviparous with
female eastern massasaugas giving birth every other year (B. D. Johnson, Gibbs, Shoemaker, &
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Cohen, 2016; Reinert & Kodrich, 1982). Behavioral variation occurs amongst the different
categories of adults (males, gravid females, and non-gravid females). Adult males and nongravid females move more often and have larger home ranges than gravid females, due to the
added requirement for gravid females to thermoregulate in order to develop their young (John C.
Marshall, Manning, & Kingsbury, 2006; G. Johnson, 2000; Reinert & Kodrich, 1982).
In September of 2016, the eastern massasauga was listed as a federally threatened species
under the Endangered Species Act with habitat loss cited as the primary cause for the species
decline (Szymanski et al., 2016). Specific examples of eastern massasauga habitat loss include
the direct loss of habitat, succession, invasive species, fragmentation, water level manipulations,
and fire suppression (Szymanski et al., 2016). Historically, there were 558 known populations,
however, currently, there are only 263 extant populations with an additional 84 populations listed
as having an unknown status (Szymanski et al., 2016). Many populations show a trend of recent
population decline suggesting anthropogenic changes as a driving factor for their declines
(Sovic, Fries, Martin, & Lisle Gibbs, 2019).
Past research has demonstrated the use of wetland and lowland forest habitat by eastern
massasaugas (Moore & Gillingham, 2006; Reinert & Kodrich, 1982; Weatherhead & Prior,
1992). Within these habitat types, eastern massasaugas exhibit seasonal variation in habitat use.
During brumation, they primarily use lowland wetlands and forests where hibernacula are more
readily available and during the active season move into more open and dry habitats (Harvey &
Weatherhead, 2006a; Reinert & Kodrich, 1982). Movement patterns of eastern massasaugas have
been shown to vary across their range. Average daily movements across the species range were
measured at 56 (Weatherhead & Prior, 1992), 10.47 (John C. Marshall et al., 2006), 9.1 (Reinert
& Kodrich, 1982), and 6.9 m/day (Moore & Gillingham, 2006a). While average home ranges
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were measured at 25 (Weatherhead & Prior, 1992), 4.02 (John C. Marshall et al., 2006), 0.98
(Reinert & Kodrich, 1982), and 1.3 ha (Moore & Gillingham, 2006). The discrepancies in
movement and home range size are likely due to the amount of available habitat and habitat
quality at each of the populations. Eastern massasaugas have shown avoidance behavior towards
human modified habitat and roads (Moore & Gillingham, 2006; D. B. Shepard, Kuhns, Dreslik,
& Phillips, 2008; Donald B. Shepard, Dreslik, Jellen, & Phillips, 2008, Paterson in revision).
Roads specifically have been shown to act as barriers to movement for eastern massasaugas due
to the high rates of mortality and avoidance behavior they create (Moore & Gillingham, 2006; D.
B. Shepard et al., 2008; Donald B. Shepard et al., 2008, Paterson in revision).
Across the species range, high levels of genetic structuring have been observed between
eastern massasauga populations (Chiucchi & Gibbs, 2010; Sovic et al., 2019). Genetic
structuring has even been documented in populations within close proximity of one another (<
7km) (Chiucchi & Gibbs, 2010; Sovic et al., 2019). Due to restricted gene flow and population
decreases, current levels of genetic variation of remaining populations may also be inflated as
they reflect historic population sizes and have yet to reach genetic equilibrium (Sovic et al.,
2019). Due to genetic drift acting on inflated levels of genetic variation, it is estimated that in the
next 100 years the genetic variation of eastern massasauga populations will decline by 20%
(Sovic et al., 2019). This trend of declining genetic variation is further supported by the loss of
67% of rare alleles over a ten year time period from the single remaining eastern massasauga
population in Illinois (Baker et al., 2018). To prevent the loss of adaptive potential of eastern
massasauga populations, increased gene flow between populations or genetic rescue via
introductions is likely required.
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Low effective population sizes (Ne) have consistently been measured in remaining
eastern massasauga populations. Of 17 populations across the species range, Sovic et al. (2019)
found almost all populations to have an Ne of less than 50 individuals. Bradke et al. (2018)
measured an Ne of 30 and 44 individuals for two eastern massasauga populations in southwest
Michigan. While Baker et al. (2018) estimated an Ne of 30 individuals for the last remaining
eastern massasauga population in Illinois. In order to evade the negative effects of inbreeding,
the minimum viable Ne for threatened and endangered species has been suggested to be 50-100
individuals (Frankham, Bradshaw, & Brook, 2014; Franklin, 1980). With many eastern
massasauga populations having an Ne less than 50, this brings into question the viability of
eastern massasauga populations into the future. Especially as other outside factors such as
climate change and snake fungal disease may compound the negative effects of limited genetic
diversity which may drive remaining populations into an extinction vortex (Lorch Jeffrey M. et
al., 2016; Szymanski et al., 2016).
Landscape Genetics with Snake Species
Results of landscape genetic studies of snake species, while lacking, suggest the
influential role habitat fragmentation plays in restricting gene flow. Eastern foxsnakes
(Pantherophis gloydi), a marsh and prairie specialist, have shown genetic structuring patterns
reflecting heavily fragmented areas created by agriculture (Row, Blouin-Demers, & Lougheed,
2010). Similarly, the yellow anaconda (Eunectes notaeus) in Argentina displayed strong patterns
of genetic structuring between wetland habitats likely as a result of the lack of available habitat
between wetlands (McCartney-Melstad et al., 2012). Alternatively, in a relatively unfragmented
habitat with a continuous distribution of yellow belly racers (Coluber constrictor flaviventris),
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Klug et al. (2011) found high allelic diversity, high heterozygosity, and no population
substructure suggesting the landscape was not influencing patterns of gene flow.
Roads can have a substantial negative impact on habitat connectivity and the subsequent
gene flow of a species (Andrews, 1990). Snakes are particularly vulnerable to mortality during
dispersal events with roads acting as one the main causes of fatality (Bonnet, Naulleau, & Shine,
1999). In the presence of roads, many snake populations exhibit reduced gene flow due to roads
increasing mortality events during dispersal and by creating road avoidance behaviors (Moore &
Gillingham, 2006; D. B. Shepard et al., 2008; Donald B. Shepard et al., 2008, Paterson in
revision). Clark et al. (2010)used landscape genetics to study the effects of roads on genetic
diversity and connectivity of timber rattlesnakes (Crotalus horridus). Timber rattlesnakes use
communal hibernacula which are associated with high levels of philopatry (Anderson, 2010).
Gene flow between hibernacula are maintained by seasonal movement of males. With many of
the hibernacula being separated by roads, researchers were interested if roads were negatively
influencing gene flow. They found that hibernacula which were separated by roads had
significantly larger Fst values indicating higher levels of inbreeding, suggesting roads were
limiting gene flow between timber rattlesnake hibernacula.
Specialist species are often closely tied to specific landscape features, such as basking
sites (Clark, Brown, Stechert, & Zamudio, 2007) or hibernacula (Zappalorti, Burger, & Peterson,
2015), which may influence the species movement patterns and connectivity. Because of this,
specialists species are commonly more negatively affected by habitat fragmentation when
compared to generalist species (Devictor, Julliard, & Jiguet, 2008). DiLeo et al. (2010) compared
the influence of a fragmented landscape on two sympatric snake species, the eastern garter snake
(Thamnophis sirtalis sirtalis) a habitat generalist, and the eastern foxsnake (Mintonius gloydi) an
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endangered marsh-specialist. Across the same landscape, the researchers found significantly
more genetic structuring in eastern foxsnakes in comparison to eastern garter snakes suggesting
that the same levels of habitat fragmentation were limiting gene flow of the specialist species
more so than the generalist.
Landscape Genetics with Eastern Massasauga Rattlesnakes
DiLeo et al. (2013) conducted a landscape genetic study of two eastern massasauga
populations in Ontario, Canada. One population was located on the Bruce Peninsula while the
second was located across the Georgian Bay along the eastern coast. The researchers were not
only interested in identifying which landscape features influenced gene flow but also if the
findings were consistent across both populations. DiLeo et al. (2013) used 308 total blood
samples and 12 microsatellite loci in their landscape genetics analyses. To create resistance
models, DiLeo et al. (2013) used previous eastern massasauga telemetry studies to assist in
defining resistance values for their land cover variables (Harvey & Weatherhead, 2006; Rouse,
Willson, Black, & Brooks, 2011). Open canopy habitat, wetlands, and sparse forests were
classified as suitable landscape types while open water, dense forests, and roads were considered
potential barriers. They assigned each landscape type with a categorical resistance value of low,
medium, high, or very high resistance. Using Mantel tests they evaluated the correlations
between genetic similarity and landscape variables and used causal modelling framework to rank
18 isolation by resistance models. DiLeo et al. (2013) then compared the 18 models to a null
isolation by distance model in order to see which model best explained the observed pairwise
genetic distances.
In the Bruce Peninsula and the northern population on the eastern coast of the Georgian
Bay, none of the isolation by resistance models were significant. However, the southern
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population on the eastern coast of the Georgian Bay had five significant isolation by resistance
models. Each of these models included open water and roads, suggesting that open water and
roads were negatively influencing gene flow. DiLeo et al. (2013) findings ultimately supported
the idea that landscape features influence genetic structuring of eastern massasaugas differently
across the two populations due to either differences in landscape features or from differences in
historic population sizes for each of the sites.
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EXTENDED METHODOLOGY

Study area
BBI is situated in Lake Huron between the upper and lower peninsulas of Michigan,
United States. The island is roughly 5.5 km off shore from the lower peninsula, measures 88 km2
in area, and is 19 km long by 9.5 km wide. The most abundant landcover types on the
contemporary landscape are as follows; forested wetland (23.6%), deciduous forest (23.2%),
evergreen forest (19.8%), mixed forest (12.6%), and scrub shrub wetland (5.5%) (Coastal
Change Analysis Program). It is estimated that the island was deglaciated 11,200- 11,000 years
ago (Larsen, 1987). After deglaciation, BBI was isolated from the Upper and Lower Peninsula
until 10,300 years ago when lake levels dropped, connecting BBI to the Lower Peninsula
(Larsen, 1987). This is likely when eastern massasaugas colonized BBI. The water level of the
lakes once again rose and BBI became isolated around 4,500-4,000 years ago (Larsen, 1987).
BBI was ceded to the US government by the Chippewa Nation in 1795 in the Treaty of
Greenville. The island was used as a woodlot by soldiers residing at Fort Mackinaw. In 1884, the
US government opened BBI to settlement and within the first year, 71 families migrated to the
island. Several sawmills opened and the island was heavily logged from 1900-1930 using three
narrow gauge trains that ran through the interior of the island (Sanborn et al., 2012). The bust of
the lumber industry in the 1930’s caused many families to leave BBI. Currently, the island is
largely undeveloped and has few anthropogenic impacts. As of the 2010 census, BBI has only 95
residents equating to a population density of 2 people/square mile (Bureau, 2010). There are 42
households and three unpaved county roads that encompass the island. One runs along the
shoreline from the northeast corner to the western edge of the island. The other two bisect the
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island providing access to the two largest inland lakes, Twin Lake and Thompson Lake, and the
airport runway
Sampling
Visual encounter surveys were conducted between the hours of 0900 and 2000 hours.
Survey sites were located using previous locations of eastern massasauga captures documented
by Michigan Natural Features Inventory and by identifying open canopy areas using aerial
imagery. We attempted to distribute sites in order to cover the most distance between sites to
ensure that the heterogeneity of the landscape and genetic variation of individuals were
adequately sampled (Balkenhol et al., 2015). Once a snake was encountered, the snake was
captured with snake tongs, and placed within a pillowcase inside a bucket. We then recorded a
GPS location for the snake’s location as well as cloud cover percentage, shaded air temperature,
and substrate temperature. The location of the capture site was marked with flagging tape. Once
the survey ended, snakes were brought to a central location for further data collection. Snakes
were restrained within plastic tubing for the safety of the researchers while data was collected.
We scanned individuals using a handheld Passive Integrated Transponder (PIT) scanner to
determine if the snake had already been previously captured. If no PIT tag was found, a uniquely
id PIT tag was implanted beneath the dermis layer. We probed the cloaca to sex individuals and
females were palpated to identify whether they were gravid. If a female was gravid, the number
of embryos were counted. We measured total length and weight of each individual. Finally, each
snake was visually assessed for the presence of lesions/scarring, which are indicators of snake
fungal disease (Ophidiomyces ophiodiicola). Snakes were then returned to their capture location
either on the same day or the following morning. All equipment that came in contact with a
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snake was sterilized with a 10% bleach solution or single use equipment was changed out
between individuals in order to prevent the spread of snake fungal disease.
Laboratory analyses
We extracted DNA from blood samples of 102 unique eastern massasauga using
QIAGEN DNeasy Tissue kits following the manufacturer’s protocol. We genotyped individuals
at 16 microsatellite loci developed by Anderson et al. (2010). Each 10 µl PCR reaction contained
20-100 ng DNA, 10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl2, 1 µl of 0.5 mg/ml bovine serum
albumin, 0.2 µl deoxynucleotide solution mix (0.2 mM of each), 1 unit Taq DNA polymerase,
0.6 µl primers (2 µM of each with fluorescently labeled forward primer), and 5 µl doubledistilled H2O. We amplified markers with an Eppendorf Mastercycler nexus gradient thermal
cycler and followed the protocol established by Anderson et al. (2010), except for modifying
annealing temperatures. Loci with their modified annealing temperatures are as follows: Scu215
(50°C), Scu210 (56°C), Scu211 (56°C), Scu212 (56°C), Scu213 (56°C), Scu214 (56°C), Scu216
(56°C), Scu202 (60°C), Scu203 (60°C), Scu205 (60°C), Scu200 (62°C), Scu201 (62°C), Scu204
(62°C), Scu206 (62°C), Scu208 (62°C), and Scu209 (62°C). To detect any potential
contamination of our PCR runs, we used a negative control for each amplified locus. Following
PCR amplification, we scored fragments using PeakScanner V 2.0. Of the 102 samples, we
reamplified and genotyped ~10% (11 individuals) of our total sample to verify our genotyping
results and to calculate an allele scoring error rate.
Genetic analyses
We tested all samples for departures from Hardy Weinberg equilibrium and linkage
disequilibrium using exact tests in the program GENEPOP (version 4.2) (Rousset, 2008). Using
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the program GenAlEx (version 6.5) (Peakall and Smouse, 2005), we calculated the number of
alleles, effective number of alleles, observed heterozygosity, expected heterozygosity, and spatial
autocorrelation of individuals. We used a Bonferroni correction to account for multiple
comparisons. We used the program STRUCTURE (version 2.3.4) to detect genetic clustering of
our samples (Hubisz et al., 2009). In STRUCTURE we used an admixture model with a burn-in
of 50,000 Markov chain Monte Carlo (MCMC) iterations and 500,000 MCMC iterations after
burn-in (Bradke et al., 2018). We evaluated a k of 1-15 with 20 iterations each. In STRUCTURE
HARVESTER (Earl and vonHoldt, 2012), we used the ΔK method (Evanno et al., 2005) to
determine the best supported value of K. In addition to STRUCTURE, we also assessed genetic
clustering of our samples using a multivariate method, Discriminant Analysis of Principal
Components (DAPC) (Jombart, 2008) in the program R (R Core Team 2013). One of the
benefits of using DAPC is it does not require the population genetic assumptions that a
STRUCTURE analysis requires, such as loci being in Hardy Weinberg equilibrium and
displaying linkage equilibrium (Pritchard et al., 2000). DAPC is also effective at discerning
genetic clustering in more complex population genetics models (Jombart et al., 2010).

Spatial Analyses
To assess for patterns of IBD, we used Mantel tests within the package Adegenet in R
(Jombart, 2008). In our Mantel tests, genetic distance was measured using the proportion of
shared alleles (Dps) and geographic distance was determined by the UTM coordinates of sampled
individuals. We tested for spatial autocorrelation among the 102 samples to identify patterns of
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fine scale genetic structuring. Using the program, GenAlEx, we used a pairwise matrix of genetic
and geographic distance to calculate a correlation coefficient (r) for each distance bin. Distance
bins were set at 0.5 km and extended from 0 to 5 km. Significant spatial autocorrelation occurred
when r was greater than the 95% confidence interval (Peakall et al., 2003).
Landscape genetics
We created resistance surfaces for land cover, roads, distance from roads, and compound
topographic index. For land cover we used spatial layers from the Coastal Change Analysis
Program (CCAP) (https://coast.noaa.gov/digitalcoast/tools/lca.html). Specific land cover
classifications used in our analyses include: developed/agriculture/pasture/grassland, deciduous
forest, coniferous forest, mixed forest, wetland, scrub-shrub wetland, emergent wetland, and
open water. To create the resistance layer for roads, we made a road raster layer by manually
digitizing aerial imagery and then converting it into a binary classification (1 = not roads and 2 =
roads). Our distance from roads surface was a continuous raster of straight-line distance from the
roads surface we created. Compound topographic index, which is strongly correlated with soil
moisture, was derived from a 30 m digital elevation model using the gradient metrics toolbox
(Evans et al. 2014). All resistance surfaces were resampled to 30 m resolution with ArcGIS (10.4
ESRI). We jittered the locations of sampled individuals that fell within the same raster cell to
prevent issues associated with multiple data points within one raster cell. Our resistance surfaces
were run both individually and in pairwise combinations using up to three surface combinations.
Afterwards, all optimized surfaces were compared using AICc model ranking.
We used ResistanceGA in the program R (version 3.5.2) to parameterize our resistance
surfaces and to conduct model selection for our landscape genetic analysis (Peterman et al.,
2014; Peterman, 2018). Using a genetic algorithm with maximum likelihood population effects
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mixed effects models (Clarke et al. 2002), ResistanceGA is able to identify landscape variables
that best explain pairwise genetic similarity between sampled individuals or populations. We
used the commuteDistance function within the gdistance R package to calculate the effective
distance between sampled individuals using an eight neighbor connection scheme (van Etten
2014). Effective distance represents the time it takes individuals to travel between one another
and includes all possible pathways and is equivalent to resistance distance calculated using
CIRCUITSCAPE (McRae 2006; van Etten 2014). ResistanceGA optimizes landscape resistance
values without a priori assumptions about how landscape features may affect movement of
eastern massasaugas and is able to optimize resistance values for both categorical (e.g., land
cover) and continuous (e.g., distance from roads) surfaces, as well as all possible combinations
of surfaces.
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